We report in-plane resistivity (ρ) and transverse magnetoresistance (MR) measurements in underdoped HgBa2CuO 4+δ (Hg1201). Contrary to the longstanding view that Kohler's rule is strongly violated in underdoped cuprates, we find that it is in fact satisfied in the pseudogap phase of Hg1201. The transverse MR shows a quadratic field dependence, δρ/ρo = aH 2 , with a(T ) ∝ T −4 . In combination with the observed ρ ∝ T 2 dependence, this is consistent with a single Fermi-liquid quasiparticle scattering rate. We show that this behavior is universal, yet typically masked in cuprates with lower structural symmetry or strong disorder effects.
The unusual metallic 'normal state' of the cuprates, from which superconductivity evolves upon cooling, has remained an enigma. A number of atypical observations seemingly at odds with the conventional Fermi-liquid theory of metals have been made particularly in the strangemetal regime above the pseudogap (PG) temperature T * (inset of Fig. 1(b) ) [1] . In this regime, the in-plane resistivity exhibits an anomalous extended linear temperature dependence, ρ ∝ T [2] , and the Hall effect is often described as R H ∝ 1/T [3, 4] . In order to account for this anomolous behavior without abandoning a Fermi-liquid formalism, some descriptions have been formulated based on a scattering rate whose magnitude varies around the in-plane Fermi surface, for example due to anisotropic Umklapp scattering or coupling to a bosonic mode [1] (e.g., spin [5] or charge [6] fluctuations). Prominent nonFermi-liquid prescriptions with far-ranging implications for the cuprate phase-diagram, such as the two-lifetime picture [7] and the marginal-Fermi-liquid [8] have also been put forth. The former implies charge-spin separation while the latter is a signature of a proximate quantum critical point.
The transport behavior in the PG state (T < T * ) seems to be even less clear. Interpretation of this regime has been complicated not only because of the opening of the PG along portions of the Fermi surface, but also due to possible superconducting [9] , antiferromagnetic [5, 10] , and charge-spin stripe fluctuations [11] , which might influence transport properties. Electrical transport for temperatures below T * therefore has been generally described as a deviation from the better-behaved hightemperature behavior [1] .
Recent developments, however, suggests that T * marks a phase transition [12] into a state with broken timereversal symmetry [13, 14] . Additionally, the measurable extent of superconducting fluctuations is likely limited to only a rather small temperature range (≈ 30 K) above T c [15, 16] . These strong indications that the PG regime is indeed a distinct phase calls for a clear description of its intrinsic properties. In fact, a simple ρ = A 2 T 2 dependence was recently reported for underdoped HgBa 2 CuO 4+δ (Hg1201) [17] . It was also found that this Fermi-liquid-like behavior universally appears below a characteristic temperature T * * (T c < T * * < T * ; see inset of Fig. 1(b) ) and that the coefficient A 2 , when normalized by the number of CuO 2 layers per unit cell, is also universal [17] . This assertion of Fermi-liquid transport was further supported by optical conductivity measurements that demonstrated an ω 2 dependence of the scattering rate [18] .
For a conventional metal, the change in isothermal resistivity δρ in an applied magnetic field (H) obeys a functional relation known as Kohler's rule: δρ/ρ 0 = F (H/ρ 0 ), where ρ 0 is the zero-field resistivity at a given temperature. This relation follows from the fact that the magnetic field enters Boltzmann's equation in the combination (Hτ ) and that ρ 0 is inversely proportional to τ , where τ is the scattering time. In the weak-field limit, most simple metals exhibit a H 2 dependence of the MR, so δρ/ρ 0 ∝ τ 2 H 2 . A plot of δρ/ρ 0 versus (H/ρ 0 ) 2 is expected to collapse to a single temperature-independent curve, as long as the number of carriers contributing to the transport is constant. Additionally, the electrical transport must also be described by a single scattering rate, or by several scattering rates whose relative contributions remain unchanged. [19] [20] [21] . The implication of these results is that electrical transport in the cuprates is not as simple as implied by the recent zero-field dc and optical conductivity work [17, 18] .
In this Letter, we revisit the seemingly anomalous magneto-transport in the PG phase through in-plane resistivity and magnetoresistance measurements of Hg1201. Hg1201 has a simple tetragonal (P4/mmm) crystal structure with one copper-oxygen layer per primitive cell and features the highest T c at optimal doping of all singlelayer cuprates [22, 23] . Together with the availability of high-quality single crystals [24] [25] [26] [27] [28] , this makes Hg1201 a particularly interesting compound for transport studies. We demonstrate that Kohler's rule is in fact satisfied in the PG phase of Hg1201 and that the temperature dependences of ρ and MR in the PG phase are consistent with a quasiparticle scattering rate expected from conventional Fermi-liquid theory. Importantly, we furthermore demonstrate that the same conclusion is valid for other members of the cuprate family if the intrinsic properties of the system are properly identified.
The preparation of Hg1201 samples for transport measurements was described previously in Refs. [24, 25] . We present measurements on three samples: two with T c = 70 K (labeled HgUD70a and HgUD70b; hole doping p ≈ 0.095) and one with T c = 81 K (HgUD81; p ≈ 0.11), where the quoted hole concentrations are based on thermoelectric power measurements [29] . Figure 1(a) shows the temperature dependence of ρ. T * is determined from the deviation from approximate high-temperature linear behavior and agrees with prior reported values [14, 17] . The same data are plotted versus T 2 in Fig. 1 
2 behavior is observed between the characteristic temperature T * * and ∼ T c + 20 K. Both the linear and the quadratic dependence extrapolate to a negligible residual resistivity (ρ res ≈ 0), which attests to the high quality of the crystals.
The magnetic field dependence of ρ is measured in static and pulsed magnetic fields, as shown in Fig. 2 [30] . The measurement in a pulsed field (up to 30 T) was performed at LNCMI-Toulouse, France, in transverse geometry (j ab, H c). The dashed lines in Fig. 2a are fits to δρ ⊥ /ρ 0 = a ⊥ H 2 , where a ⊥ is the transverse MR coefficient. The large field range ensures high-quality fits. The Kohler plot of the data in Fig. 2(a) is shown in Fig. 2(b) . Kohler ′ s rule is perfectly satisfied at all fields for temperatures between 125 K and 225 K, despite a change in ρ 0 by a factor of ∼ 6 in this temperature range. At 100 K, notwithstanding the deviation at low fields, the high-field data (where superconducting fluctuations [16, 31, 32] are suppressed, thus revealing the underlying normal state transport) exhibit the same slope.
In YBCO and LSCO, particularly at low doping, a longitudinal MR δρ /δρ 0 (j ab, H j) is observed [19, 33] . This has been attributed to an isotropic spin-dependent term, which is excluded in the orbital MR defined as δρ orb /δρ 0 ≡ (δρ ⊥ − δρ )/ρ 0 [19] . To test the possibility that such contributions might affect our result, we measured the second T c = 70 K sample (HgUD70b) and established that longitudinal MR is at least an order of magnitude smaller. A similiarly small longitudinal MR is observed in other cuprates close to optimaldoping [21, 33] . To demonstrate the robustness of Kohler's rule, the orbital MR for HgUD70b is shown in Fig. 2(c) . We find that δρ orb /δρ 0 also satisfies Kohler ′ s rule from 125 K to 275 K. Since the longitudinal contribution is small, the transverse and orbital MR coefficients of HgUD70a and HgUD70b, respectively, are indistinguishable, as shown in Fig. 3(a) . Kohler's rule is also found to be obeyed in the PG phase of HgUD81 (Fig.2(d) ). Our result is therefore not isolated to a particular doping level.
As shown in Fig. 3(a) , the MR coefficient (a ⊥,orb = δρ ⊥,orb /ρ o H 2 ) exhibits T −4 dependence that extends from approximately 100 K to at least T * * ≈ 180 K in HgUD81 and even beyond T * * ≈ 200 K in HgUD70b.
, it follows that 1/τ ∝ T 2 . For Hg1201, this is consistent with the Fermi-liquid scattering rate below T * * infered from the temperature dependence of ρ.
The T −4 dependence of the MR has previously been reported for a number of cuprates [4, 19, 21] . Nevertheless, Kohler ′ s rule was claimed to be violated throughout most of the phase diagram [4, [19] [20] [21] . Prior conclusions pertaining to the violation of Kohler's rule in the PG phase of YBCO can be attributed to the difficulty of measuring the underlying pure ρ ∝ T 2 behavior. In YBCO, Cu-O chains form along the crystallographic b direction, which contribute to the electrical transport and could prevent a clean measurement of the intrinsic resistivity of the CuO 2 planes. Since the relative contribution to ρ from the chains is temperature dependent, the combined contributions would violate Kohler's rule and could be a contributing factor to the negative result for twinned crystals show representative a orb and a-axis in-plane resistivity ρa from Ref. [33] for YBCO6.5 (YBa2Cu3O6+y with y = 0.5, Tc ≈ 35 K, p ≈ 0.073) and YBCO6.6 (y = 0.6, Tc ≈ 50 K, p ≈ 0.085). We estimate the doping levels by comparing the quoted Tc values to Ref. [34] . Dashed lines in (b) are fits to the form (c + bT 2 ) −2 , with c = 0 for YBCO6.6. The resistivity in (c) is plotted versus T 2 to highlight the ρa ∝ T 2 behavior indicated by dashed lines below the characteristic temperature T * * , consistent with the inset of Fig. 1(b) .
reported in Ref. [19] . Measurements of very underdoped non-superconducting tetragonal YBCO (p ≈ 0.03) [4] , which does not feature CuO chains, and of the a-axis resistivity ρ a in detwinned YBCO crystals at higher doping [33, 35] (the chains are not expected to contribute to transport perpendicular to them) have, in fact, revealed a T 2 resistivity. For example, Fig. 3(c) shows representative data from Ref. [33] with T 2 -dependence below a characteristic temperature that decreases with increasing doping, consistent with T * * (Fig. 1(b) inset) [17] . As shown in Fig. 3(b) , YBCO6.6 exhibits the expected a orb ∝ T −4 dependence of the MR. In conjunction with the ρ = A 2 T 2 dependence, we conclude that YBCO6.6 obeys Kohler's rule below T * * . In slightly more underdoped YBCO6.5, on the other hand, ρ = ρ res + A 2 T 2 with a large residual resistivity ρ res . This is reflected in the MR, which is fit to a orb = (c + bT 2 ) −2 [19, 33] (Fig. 3(c) ), where c is a residual temperature independent contribution to the scattering rate [19] . We note that the ratio between the residual term and the T 2 coefficient manifested in the MR (c/b = 9700 K 2 ) and in the zero-field resistivity (ρ res /A 2 = 10800 K 2 ) are equivalent to about 10%, which is approximately the uncertainty of the fitted coefficients, thus supporting our conclusion that the same residual scattering rate enters both quantities. Consequently, Kohler's rule is violated in YBCO6.5 solely due to the contribution of a residual temperature independent scattering rate. Our main conclusion is that, notwithstanding the significant differences in crystal structures, the normal state below T * * in the cuprates is universally characterized by single, isotropic scattering rate consistent with Fermi-liquid transport.
LSCO exhibits some transport properties that are at variance with YBCO and Hg1201: a particularly large residual resistivity and a tendency toward insulating lowtemperature behavior [36] below optimal doping, instead of the metallic behavior and quantum oscillations found in YBCO and Hg1201 [27, 28, 37, 38] . Both LSCO and Hg1201 are single-layer cuprates. Yet LSCO features lower structural symmetry, more disorder and a significantly lower optimal T c (≈ 40 K) than simple tetragonal Hg1201 [22] . Nevertheless, the planar resistivity for moderately underdoped LSCO x = 0.09 is fit well to ρ = ρ res + A 2 T 2 between 70 K−200 K with a large ρ res (inset of Fig. 4(b) ) [21] . This is consistent with T * * ≈ 200 K indicated in Ref. [17] . Fig. 4(a) shows the strong violation of Kohler's rule in this sample. However, in Fig. 4(b) , we show that the MR curves between 70 K and 150 K collapse after subtracting ρ res from ρ 0 . This is a suprising result, because it implies that the residual scattering rate does not affect the MR δρ. This property is unlike that of YBCO6.5 highlighted above, where the residual scattering rate enters both ρ and δρ/ρ 0 equally. The deviation from Kohler's rule below 70 K might be related to the observation of a large Nernst effect signal and could be attributed to superconducting fluctuations [39] or incipient stripe order [40] .
The anomalous behavior of ρ res in LSCO suggestes that it is not solely due to electron-impurity scattering. Indeed, upon decreasing the hole concentration in LSCO, either chemically [41] or through electrostatic gating [42] (which does not change the impurity concentration), ρ res extrapolated from high temperatures increases progressively upon approaching the superconductor-insulator phase transition. Electrostatic gating revealed a critical CuO 2 sheet resistance of R c = h/(2e) 2 = 6.5kΩ [42] . Similiar observations for the superconductor-insulator transition have been made for YBCO [43, 44] and Bi 2 Sr 2 Y x Ca 1−x Cu 2 O 8 [45] . Furthermore, for LSCO, a non-zero extrapolated ρ res is observed in superconducting samples up to optimal doping [41] , and when the superconductivity is surpressed in a sufficiently large magnetic field, an insulating ground state is revealed [36] . This phenomenon coincides with the presence of nearly static incommensurate spin correlations observed with neutron scattering [46, 47] . In contrast, ρ res for Hg1201 is negligible even in the most underdoped single crystals measured (p ≈ 0.055, T c = 45 K [17] ). Finally, despite the compound-dependent variation of ρ res , the high-temperature ρ = A 2 T 2 dependence below T * * established in Ref. [17] is universal.
The emerging picture for electrical transport in the underdoped cuprates at temperatures below T * * is that of a Fermi liquid, characterized by a T 2 and ω 2 [18] quasiparticle scattering rate. Angle-resolved photoemission spectroscopy (ARPES) indicates that a large PG appears in the antinodal density of states below T * , leaving small arcs around the nodal points [48] . The Fermi liquid must therefore reside on the arcs [4, 17, 35, 49] , where quasiparticle peaks have been detected with ARPES [50] . Upon warming above T * * , the resistivity deviates from the simple quadratic temperature dependence, yet we observe that the MR continues to follow ∼ T −4 behavior, unperturbed through T * * . Whether or not T * * is a true phase transition or merely a crossover temperature, possibly marking the temperature below which the pseudogap is fully formed, is still an open question.
One consequence of the validity of Kohler's rule demonstrated in the present work is that the Fermi surface should remain largely temperature independent between T * * and T c . Charge-density-wave (CDW) correlations have recently been observed in underdoped YBCO [51, 52] , and also recently in Hg1201 at the same hole concentration as the HgUD70 samples studied here [53] . Interestingly, the onset of these correlations in both Hg1201 and YBCO appear to correlate with T * * [53] . However, the Fermi-liquid regime below T * * extends to very low hole concentrations [17] , in contrast to the CDW order, which appears to be tied to the doping range of the T c (p) plateau [51] . Moreover, resistivity [17] and ARPES [54] results suggest the existence of an arc-like surface with a doping independent Fermi velocity. The appearence of CDW correlations might therefore be simply contingent on the stable Fermi surface below T * * suggested in this work. This is consistent with the notion that the CDW wave-vector connects parts of the Fermi arcs in the PG state and is temperature independent [55] [56] [57] . ARPES results do indicate that the arc length remains constant over a wide temperature range in the PG regime of (Bi,Pb) 2 (Sr,La) 2 CuO 6+δ (Bi2201) and Bi 2 Sr 2 CaCu 2 O 8+δ (Bi2212) near optimal doping [58] . It would be interesting to extend such measurements to lower hole concentrations concentrations, and to Hg1201, for which quantitative ARPES measurements have recently become feasible [59] .
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